Most somatic human tissues and primary cells possess low or undetectable telomerase activity, and telomeres shorten with each cell division in vivo and in vitro. In human cells, a critical telomere length is eventually reached that induces cellular senescence, thus limiting and cell types are due to a combination of apoptosis and pathways in yeast are thought to be similar to the p53 growth arrest. We reasoned that shortened telomeres, checkpoint in mammalian cells. exposed chromosomal termini, and/or chromosomal fuStrikingly, as mTR Ϫ/Ϫ mice advance with age and gension-bridge-breakage events might be recognized as eration, an increase in cancer incidence is observed a DNA damage signal and thus activate p53 and its presumably due to increased genetic instability caused associated checkpoint functions. by telomere shortening, repeated chromosomal fusionTo test this hypothesis, the levels and activity of p53 bridge-breakage cycles, and chromosomal loss (Rudolph were assessed in primary tissues and cells derived from et al., 1999). These experimental data challenged the late-generation mTR Ϫ/Ϫ mice. Immunoprecipitation and simplistic view that telomere dysfunction and genetic Western blot analysis readily detected p53 in lysates instability associated with crisis act as a tumor suppresfrom G6 mTR Ϫ/Ϫ testis, but not in lysates derived from sor. Indeed, the impact of telomere dysfunction on image-matched mTR ϩ/ϩ testis or from G6 mTR Ϫ/Ϫ p53 Ϫ/Ϫ mortalization and tumorigenesis is complex. In cancerlittermate controls ( Figure 1A ). This induction of p53 prone mice rendered doubly null for the INK4a tumor coincides with the dramatic increase in apoptosis (as suppressor and mTR, shortened telomeres markedly assessed by TUNEL) and decreased cellularity in the G6 reduced both cancer incidence and transformation by mTR Figure 1D ). This activity was strictly score the importance of p53 in a pathway that responds dependent upon p53, since p53 Ϫ/Ϫ and G6 mTR Ϫ/Ϫ to telomere dysfunction and suggest new roles for crisis p53 Ϫ/Ϫ MEF cultures showed only background levels of in cellular transformation.
RAD9-dependent DNA damage checkpoint is induced organ systems (Lee et al., 1998; Rudolph et al., 1999).
The hypocellularity, abnormal cytoarchitecture, and diby a single broken chromosome end (Sandell and Zakminished proliferative potential of these organ systems ian, 1993). The RAD9 and MEC1 DNA damage response and cell types are due to a combination of apoptosis and pathways in yeast are thought to be similar to the p53 growth arrest. We reasoned that shortened telomeres, checkpoint in mammalian cells. exposed chromosomal termini, and/or chromosomal fuStrikingly, as mTR Ϫ/Ϫ mice advance with age and gension-bridge-breakage events might be recognized as eration, an increase in cancer incidence is observed a DNA damage signal and thus activate p53 and its presumably due to increased genetic instability caused associated checkpoint functions. by telomere shortening, repeated chromosomal fusionTo test this hypothesis, the levels and activity of p53 bridge-breakage cycles, and chromosomal loss (Rudolph were assessed in primary tissues and cells derived from et al., 1999). These experimental data challenged the late-generation mTR Ϫ/Ϫ mice. Immunoprecipitation and simplistic view that telomere dysfunction and genetic Western blot analysis readily detected p53 in lysates instability associated with crisis act as a tumor suppresfrom G6 mTR Ϫ/Ϫ testis, but not in lysates derived from sor. Indeed, the impact of telomere dysfunction on image-matched mTR ϩ/ϩ testis or from G6 mTR Ϫ/Ϫ p53 Ϫ/Ϫ mortalization and tumorigenesis is complex. In cancerlittermate controls ( Figure 1A ). This induction of p53 prone mice rendered doubly null for the INK4a tumor coincides with the dramatic increase in apoptosis (as suppressor and mTR, shortened telomeres markedly assessed by TUNEL) and decreased cellularity in the G6 reduced both cancer incidence and transformation by mTR Ϫ/Ϫ testis (Lee et al., 1998). Since the role of p53 in cellular oncogenes (Greenberg et al., 1999 Telomere dysfunction results in a dramatic reduction short dysfunctional telomeres, then one might expect to see an overrepresentation of p53 null pups. The genoin reproductive competence in late-generation (G6) mTR Ϫ/Ϫ p53 ϩ/ϩ mice (Lee et al., 1998). In the G6 mTR Ϫ/Ϫ type distribution of all live mice generated through mTR Ϫ/Ϫ p53 ϩ/Ϫ intercrosses was determined at 10 days p53 ϩ/Ϫ intercrosses, we observed an unusually high rate of productive mating pairs (11 of 22 mating pairs) comof age. p53 Ϫ/Ϫ mice were underrepresented as a percentage of total mice in late-generation mTR Ϫ/Ϫ backpared to G6 mTR Ϫ/Ϫ p53 ϩ/ϩ matings (Lee et al., 1998), although fertility was still reduced compared to wildground (19%, 15%, and 14% for G4, G5, and G6 respectively) ( Figure 1E ). However, a relative increase in p53 Ϫ/Ϫ type controls (data not shown). Significantly, we also observed productive matings arising from G7 mTR Ϫ/Ϫ mice was evident in G7 and G8 mTR Ϫ/Ϫ background (24% and 38%, respectively). Since there is progressive p53 ϩ/Ϫ pairs (5 of 17 mating pairs) to yield G8 mTR Ϫ/Ϫ offspring of all three p53 genotypes. Because p53 hettelomere shortening and telomere dysfunction in successive generations, mice in G4-G6 were pooled and erozygous mice exhibit haploinsufficiency in a number of assays (Gottlieb et G7 and G8, p53 ϩ/ϩ and p53 ϩ/Ϫ mice are at a significant (ϩ/ϩ or ϩ/Ϫ) or deficient (Ϫ/Ϫ) were examined on both survival disadvantage compared to p53 Ϫ/Ϫ mice. These macroscopic and microscopic levels. In mTR ϩ/ϩ testis, organismal findings prompted a more thorough assessp53 status did not affect testicular volume or signifiment of how loss of p53 impacts on organ systems cantly alter the cytoarchitecture of seminiferous tubules adversely affected by telomere dysfunction. (Figures 2A and 2B) . In mTR Ϫ/Ϫ mice, a decrease in testis size that correlated with germ cell depletion by histology was first evident in G5 mTR Ϫ/Ϫ animals and became Role of p53 in Germ Cell Apoptosis more prevalent in G6 mTR Ϫ/Ϫ mice (Lee et al., 1998). in Late-Generation mTR Ϫ/Ϫ Testis Gross testis size was consistently rescued to near norTelomere loss in late-generation mTR Ϫ/Ϫ testis culmimal in G6 mTR Ϫ/Ϫ p53 Ϫ/Ϫ mice compared to G6 mTR Ϫ/Ϫ nates in sterility due to an apoptotic elimination of germ p53 ϩ/ϩ littermates (see Figure 2A for representative comcells (Lee et al., 1998). To determine the impact of proparison). Using a scoring system of normal, 1ϩ, 2ϩ, or gressive telomere dysfunction on testis cellularity and 3ϩ to reflect progressive germ cell depletion and tubular architecture as well as to assess the in vivo relevance atrophy, we examined in more detail the microscopic of p53 upregulation in this process, testis samples from late-generation mTR Ϫ/Ϫ mice that were p53 competent changes associated with telomere dysfunction in late-prior to FACS analysis. As shown in Figure 3A , DNA 
Telomere Length and Cytogenetic Profile in the Absence of p53
To rule out the possibility that p53 status influences generation mTR Ϫ/Ϫ mice ( Table 1) responses may be more efficiently "culled" from the mTR Ϫ/Ϫ p53 Ϫ/Ϫ samples still showed varying degrees of population (via apoptosis or arrest); therefore, p53 null pathology (Table 1) . Furthermore, p53-independent cell cells may accumulate more end-to-end fusions than death becomes a more consistent feature in G7 and G8, their p53 ϩ/ϩ counterparts. Indeed, analysis of metasince all of the five G7-G8 mTR Ϫ/Ϫ p53 Ϫ/Ϫ testis samples phase spreads derived from G6 mTR Ϫ/Ϫ p53 ϩ/ϩ MEFs showed significant germ cell depletion microscopically showed a rate of 0.42 (SD 0.71) chromosomal fusions ( Figure 2D ). Of note, the G8 mTR Ϫ/Ϫ p53 Ϫ/Ϫ mouse that per metaphase, a rate consistent with previous studies exhibited a relatively normal histology (1ϩ germ cell ( Figure 3D) The finding that p53 loss enables survival in the face of telomere dysfunction raised the distinct possibility that treated with BrdU and labeled with propidium iodide Taken together, the differences in the subcloning efficiency of the mTR versus vector cells and their similarity either an empty plasmid ("vector") or a genomic fragment encoding the mTR gene ("mTR") were performed in tumorigenic potential following prolonged passage in culture argue that telomerase provides a significant in multiple independent experiments on several independently-derived G6 mTR Ϫ/Ϫ p53 Ϫ/Ϫ MEF cultures, and advantage in steps following the initiation of cellular transformation. However, once telomerase-deficient cells the rates of focus formation were determined (Table 2 and Figure 4A ). Transfection of this mTR genomic have adapted to the existing telomere dysfunction, they grow as efficiently as telomerase-expressing cells. The fragment restored telomerase activity in mTR Ϫ/Ϫ cells ( Figure 4B) . In contrast to the findings that telomerase mechanisms by which tumorigenic potential is maintained in these late stages of tumorigenesis in the presreconstitution enhanced focus formation in G5 mTR Ϫ/Ϫ INK4a Ϫ/Ϫ MEFs (Greenberg et al., 1999) , we demonence of telomere dysfunction remain to be determined. strated that the addition of mTR consistently suppressed the rate of Myc/RAS focus formation in G6 Discussion mTR Ϫ/Ϫ p53 Ϫ/Ϫ MEFs (Table 2) , while restoration of telomerase activity in mTR ϩ/ϩ p53 Ϫ/Ϫ MEFs had no signifiAs telomerase-deficient cells traverse replicative senescence via loss of RB/p16 INK4a and/or p53/p19 ARF or overcant effect (data not shown). These results indicate that telomere dyfunction acts synergistically with p53 defiexpression of Myc, continued telomere attrition results in the loss of chromosomal integrity with consequent ciency to initiate malignant transformation, presumably by enhancing genetic instability. genetic instability. The cellular response to this genomic crisis is varied, complex, and poorly understood. Recent Focus formation represents an early step in transformation. To determine the effect of telomere dysfunction results have shown that removing the telomere-binding protein TRF2 from telomeres will directly activate a p53-on subsequent steps, subcloning efficiency was determined. Despite a lower rate of focus formation, Myc/ dependent apoptosis pathway (Karleseder et al., 1999) . Whether loss of TRF2 binding, or short telomeres or RAS foci transfected with mTR exhibited a significant enhancement in subcloning efficiency-23 of 26 (89%) cycles of fusion-bridge-breakage formation mediate the p53 induction described in this report remains to be mTR foci were successfully established as permanent . Moreover, the promplays a key role in the cellular response to telomere dysfunction in vivo in both normal and neoplastic cells, inent biphasic cell cycle arrest is also consistent with a p53 mediated checkpoint response and the established a role that is particularly prominent during the early stages of genomic crisis. Furthermore, this p53-medirole of p21 CIP1/WAF1 as an inhibitor of both the G1 and G2 phases of the cell cycle. Significantly, loss of p53 resated pathway can dramatically affect the consequence of telomere shortening during carcinogenesis.
cues the cell cycle arrest in MEFs and the apoptotic elimination of male germ cells. Together these data establish p53 as an important effector in a pathway actiTelomere Dysfunction Activates a p53-Dependent Checkpoint vated by loss of telomere function. The mTR Ϫ/Ϫ mouse serves as a model to study the consequences of telomere loss in vivo. Similar to well-charCrisis: Friend or Foe? Human cells require inactivation of Rb and/or p53 to acterized DNA damage checkpoints, the specific response to telomere dysfunction can be either growth bypass the major checkpoint that limits replicative lifespan: cellular senescence. Rb/p53 inactivation allows arrest or apoptosis depending upon cell type, p53 pathway status, and physiological context. In male germ continued cell division beyond senescence, progressive telomere shortening, and entry into crisis, from which cells and lymphocytes, telomere loss elicits a strong apoptotic response, whereas MEFs experience a potent only rare survivors will emerge. Our in vivo and cell culture data suggest that the period defined as crisis in biphasic cell cycle block. In the case of MEFs, this arrest occurs in concert with the stabilization and activation cultured cells can be divided into two phases: "early crisis" and "late crisis," the latter we term "genetic catasand p53 have been impaired, the fate of the cell is unpredictable and depends on other stochastic genetic trophe" (Figure 5 ). Cell death in early crisis is p53 dependent. Loss of p53 can circumvent this checkpoint, leadchanges. Cells that cannot reestablish telomere maintenance or tolerate genomic instability (e.g., germ cells ing eventually to p53-independent apoptosis, perhaps as a consequence of uncontrolled chromosome fusionin G7 and G8) will die. In other cells, increased aneuploidy or fusion-bridge-breakage may facilitate genetic bridge-breakage cycles and progressive genomic instability. Early crisis accounts for efficient germ cell deplechanges that promote survival, such as oncogene activation, tumor suppressor deletion, reactivation of telotion in G6 mTR Ϫ/Ϫ p53 ϩ/ϩ , whereas the altered histology of G7 and G8 mTR Ϫ/Ϫ p53 Ϫ/Ϫ testis provides experimenmere maintenance mechanisms, or adaptation to telomere dysfunction (e.g., Myc/RAS-expressing G6 mTR Ϫ/Ϫ tal support for late crisis. Thus, the rampant genetic instability of the G7 and G8 mTR Ϫ/Ϫ p53 Ϫ/Ϫ cells is assop53 Ϫ/Ϫ MEFs) ( Figure 5 ). Although loss of telomere and p53 function facilitates ciated with loss of cell viability despite p53 deficiency, implying that advanced genomic catastrophe gives way initiation of transformation, the reconstitution of telomerase activity greatly improved the capacity of transto a p53-independent process.
To understand the interrelationship of crisis, telomeres, formed foci to yield immortal cultures. Thus, the activation of telomerase enhances cell survival possibly and tumorigenic potential, we exploited the multistage features of the MEF cooperation assay. Focus formation through avoidance of the p53-independent death of genetic catastrophe ( Figure 5 ). The fact that many human is thought to reflect the earliest stages of oncogenic transformation. The ability of exogenous telomerase to tumors that are telomerase positive still have short telomeres supports the idea that telomerase activation ocreduce focus formation in p53 null cells with short dysfunctional telomeres suggests that genetic instability curs late in tumorigenesis. Together with previous work, our data indicated that, first, during the early stages associated with telomere loss can serve as an engine driving initiation of transformation, but only in the abof tumorigenesis, cells suffer telomere shortening, and second, that telomerase activation is advantageous prisence of functional p53 ( Figure 5 ). This unanticipated result indicates that telomere dysfunction cooperates marily in later stages of tumorigenesis. The observation that mTR expression facilitates subcloning efficiency with p53 deficiency to facilitate cellular transformation. This finding runs counter to the prevailing view that of Myc/RAS-transformed late-generation mTR Ϫ/Ϫ cells supports the importance of telomere maintenance late crisis represents a second telomere-based block to tumorigenesis in cells that have subverted the senesmechanisms during later stages of carcinogenesis. cence checkpoint (Counter et al., 1992) . We propose that late crisis is not a checkpoint but instead represents Telomere Dysfunction, INK4a, and p53 These findings stand in sharp contrast to those obtained the consequence of unimpeded proliferation in the absence of two powerful genome-stabilizing factors: funcfrom our analysis of mice null for both mTR and INK4a.
In the mTR/INK4a double null mice, loss of telomere functional telomeres and p53. Once both telomere function
